We studied the functional interactions between the sinoatrial (SA) nodal pacemaker and the vagus nerve in isolated right atrium-vagus nerve preparations of the kitten. Brief trains of stimuli applied to the vagus nerve scanning the spontaneous pacemaker cycle induce a brief hyperpolarization of the membrane of cells in the pacemaker region. Aa a result of this hyperpolarization, there occur phasic changes in pacemaker cycle length that depend on the timing, amplitude, and duration of the hyperpolarization and, also, on the relationship between the duration of the hyperpolarization and the pacemaker cycle length. If the duration of the hyperpolarization is long relative to the duration of the spontaneous cycle, the next discharge can be delayed but not accelerated, no matter when during the cycle vagal stimuli are applied. If the duration of the hyperpolarization is briefer than the spontaneous cycle and the vagal input is presented early in the cycle, a postinhibitory rebound accelerates the next discharge. These effects of the vagal burst on the pacemaker cycle can be described by an inhibitory curve consisting of several components: a latent period of about 200 msec, a phase of major prolongation of the first and sometimes the second pacemaker cycle, a phase of relative or actual acceleration, and a final phase of lesser deceleration lasting several seconds. These effects can be approximated closely in a sucrose gap preparation of the sinus node by brief hyperpolarizing current pulses spanning the spontaneous pacemaker cycle in the test compartment. Ore Re*
THE EFFECTS of parasympathetic discharges on the sinoatrial (SA) node are characterized by a brief latency and brief duration; accordingly, the magnitude of the cardiac response to brief bursts of vagal stimuli bears a phasic relationship to the timing of the nerve impulses in the cardiac cycle (Brown and Eccles, 1934; Stade and Weiss, 1956; Levy et al., 1970; Dong and Reitz, 1970; Eckberg, 1976) . Particularly at slow heart rates, discrete bursts of discharges in efferent cardiac vagal fibers may be related to the arterial pressure pulses, resulting in complex frequency-dependent interactions between the cardiac pacemaker and the vagal activity (Jewett, 1964; Katona et al., 1970; Iriuchijima and Kumada, 1963) .
Recent studies (Levy et al., 1969; Reid, 1969; have demonstrated that periodically repeated vagal stimuli can entrain the SA nodal pacemaker so that its cycle length assumes a fixed ratio to that of the stimulus interval. Spontaneous pacemaker activity in isolated strands of Purkinje tissue mounted in a sucrose-gap preparation also can be entrained by the electrotonic effects of depolarizing and hyperpolarizing current pulses (Jalife and Moe, 1976) . Hyperpolarizing pulses induced early in the pacemaker cycle accelerate, and pulses of similar magnitude initiated late in the cycle delay the subsequent discharge. Because vagal stimuli have been shown to cause hyperpolarization in cells of the SA node and of the atrium, we have undertaken the present study to assess to what extent the primary vagal slowing is the result of a shift in membrane potential of the pacemaker cells, comparable to the electrotonus effects of hyperpolarizing pulses in the Purkinje fiber model.
To study these mechanisms we have apphed intracellular recording techniques in the isolated right atrium-vagus nerve preparation of the young cat while scanning the spontaneous pacemaker cycle of the SA node with brief trains of stimuli applied to the vagus nerve. The data from these experiments were compared with those obtained from experiments in which hyperpolarizing current pulses from a resistance-capacitance (RC) circuit were apphed to thin strips of kitten SA node across a sucrose gap. The results revealed that primary changes in pacemaker cycle length are determined by the duration, amplitude, and timing of the hyperpolarization, whether induced by vagal stimulation or by current flow. These results explain, at least in part, the triphasic inhibitory curve (Brown and Eccles, 1934) of vagal stimulation on SA nodal pacemaker activity and also may explain the mechanisms responsible for more complex effects of repetitive vagal activity on heart rate (see Higgins et al., 1973) . A preliminary report of some of these findings has appeared elsewhere (Jalife and Moe, 1978) . 596 CIRCULATION RESEARCH VOL. 45, No. 5, NOVEMBER 1979 Methods Isolated Atrium-Vagus Nerve Preparation Experiments were performed in 58 young cats weighing between 0.8 and 1.3 g, anesthetized by intraperitoneal injection of sodium pentobarbital (35 mg/kg). Through a midline incision, the cervical portions of both vagi were dissected free from surrounding tissues. Isolation of the preparation was carried out by a procedure similar to that described by Toda and West (1967) for the rabbit heart. After the vagi were dissected, the chest was opened through a mid-sternal incision, and the thoracic contents plus the vagus nerves and adjacent cervical tissues were removed and placed in oxygenated Tyrode's solution at room temperature.
The preparation, consisting of both atria, vagus nerves, the aortic arch, and a short segment of the trachea, was dissected and transferred to a plexiglass tissue bath with a capacity of 80 ml. The right atrium, with the endocardial surface exposed, was pinned to a wax block in the bottom of the chamber. Equilibration then was allowed for 60 minutes while the tissue was superfused at a rate of 25 ml/min with a modified Tyrode's solution saturated with 95% oxygen and 5% CO2. Temperature was maintained at 33.5-34.5°C. The composition of the solution (mM) was: NaCl, 137; KC1, 4; NaH 2 PO 4 , 0.9; NaHCO.3, 12; CaCl 2 , 1.8; MgSO, , 0.5; and dextrose, 5.5. Transmembrane potentials were recorded from the SA nodal region and from the right atrial endocardium with glass microelectrodes filled with 2.7 M KC1 (DC resistances 20-40 MB) having tip potentials of less than 5 mV and connected to custommade cathode followers capable of neutralization of input capacitance. Bipolar electrodes were used in some experiments to record activity from the endocardial surface of the preparation. The electrical signals were displayed on a Tektronix 565 oscilloscope and photographed with a Grass camera.
The position of the SA nodal region was determined by mapping the free wall of the right endocardium until stable impalements of cells showing the characteristic slow diastolic depolarization were obtained. The primary pacemaker area was identified by the smooth transition from diastolic depolarization to the upstroke of the action potential. These cells were activated earliest and were localized in a cluster within a limited area less than 2 mm from the crista terminalis. Subsidiary pacemakers were activated later, and their transition from phase 4 depolarization to phase 0 was more abrupt.
Unless otherwise indicated, brief trains (50 msec) of 3 stimuli 10 msec in duration and of supramaximal (10-15 V) intensity were applied every 20 seconds to the right vagus nerve. The stimuli were generated by a P6i Frederick Haer stimulator and delivered through a bipolar stainless steel electrode located in the thoracic portion of the nerve 2 cm before its insertion into the right atrium. During the experimental runs, the stimulated portion of the nerve was lifted above the surface of the perfusion fluid to avoid direct stimulation of the atrium. To achieve systematic scans of the spontaneous cycle with the vagal stimulus, the upstroke of the action potential was used to trigger a relay system that activated the shutter of the camera and, after a variable delay, triggered the stimulator. In these preparations, the magnitude of the response to vagal stimulation was approximately constant for the duration (6 hours or more) of the experiment.
Sucrose Gap Experiments
Thin strips of the SA node 3-5 mm in length and 0.5 mm in width were obtained by cutting the free wall of the right atrium along a line parallel with the crista terminalis. Spontaneously beating preparations were transferred to a three-chambered tissue bath (Stampfli, 1954; Jalife and Moe, 1976) . A short segment (0.3-0.5 mm) containing pacemaker cells, identified by recording their transmembrane potentials, was positioned in the test compartment. The preparation was allowed to equilibrate for 1 hour while all three compartments were perfused with 4 mM KC1 Tyrode's solution.
Transmembrane potentials were recorded differentially from the segment in the test compartment with two KCl-filled microelectrodes connected to a high impedance amplification system (Frederick Haer) and were displayed on the oscilloscope. Spontaneous pacemaker activity was monitored constantly in the test chamber while the opposite chamber was perfused with 20 mM KC1 Tyrode's solution, and the central compartment (1 mm in length) was perfused with a 300 mM sucrose solution containing 5 mM dextrose and 0.1 mM CaCl 2 . During this procedure, 20% of the preparations became quiescent and were discarded. The experiments were conducted in 12 spontaneously beating strips, most of which were stable for the duration of the experiment.
Also in these experiments, the upstroke of the action potentials recorded from the pacemaker cell activated the relay system to trigger the stimulator after variable delay. The stimulator was programmed to provide a rectangular pulse of DC current 3 to 4 seconds in duration every 20 seconds. The output of the stimulator was connected to an RC circuit to convert the square pulse into a condenser discharge that decayed with a time constant that could be varied with a step switch. The RC signal was fed into a stimulus isolation unit (WPI PC-1) that controlled its amplitude and its polarity. The RC current pulses were delivered to the preparation through Ag-AgCl electrodes located in the outer chambers. Current was recorded as the voltage drop across a 10,000 fi resistor connected in series with the negative side of the circuit.
Results

The Triphasic Response to Vagal Stimulation
When the spontaneous cycle of the isolated SA nodal pacemaker was scanned by brief bursts of vagal stimuli, most preparations yielded a triphasic response curve in which an early brief phase of major slowing was followed by relative or even actual acceleration and, in turn, by a longer lasting phase of lesser slowing. An example of one such experiment is displayed in Figure 1 . In this experiment, 50-msec trains of 3 stimuli 10 msec in duration and 10 V in strength were applied every 30 875 . 925 , 860
Time course of the inhibitory effect. Both panels show transmembrane potentials from the same SA nodal pacemaker cell (poor impalement) . Numbers indicate the respective cycle lengths and arrows the moment of vagal stimulation. In A, the vagal stimulus was applied early in the cycle, the pacemaker cell was hyperpolarized, and its approach to threshold was delayed. The inhibitory effect gradually increased during the second and third beats after the stimulus. In B, the vagal train was applied later, and the first beat was delayed maximally. A lesser inhibitory effect is apparent during the second cycle followed by an increase in spontaneous cycle duration during the third beat. Spikes retouched.
seconds to the right vagus at different intervals during the spontaneous cycle. In panel A, the vagus was stimulated at the moment of the third action potential or 700 msec in advance of the next expected discharge. After a latency that lasted for the duration of the repolarization phase, the impaled cell was hyperpolarized about 5 mV beyond the maximum diastolic potential, and the subsequent discharge was delayed by 14.3%. The inhibitory effect gradually increased up to the third spontaneous cycle (925 msec), which was delayed by 32.1%.
In panel B, the vagal train, applied 270 msec in advance of the expected discharge, caused a relative hyperpolarization of 12.5 mV and increased the duration of the subsequent cycle by nearly 79%. The next spontaneous cycle was much shorter and was increased by only 32%. After this transient diminution of the inhibitory effect, a secondary increase in spontaneous cycle duration ensued during the third cycle after the vagal train (950 msec). It is clear from the recordings of Figure 1 , A and B, that the major prolongation of the first cycle is due, not to a reduction in the slope of phase 4 depolarization (i.e., pacemaker depolarization), but to the hyperpolarization itself. Phase 4 depolarization in the relevant cycles takes off at a steeper slope, but from a greater membrane potential. Flattening of the diastolic depolarization in these examples accompanied the delays of the late inhibitory phase (beyond the second affected cycle).
The results of a complete scan similar to the examples shown in Figure 1 are plotted in Figure  2B in the format used by Brown and Eccles (1934) , by Spear and Moore (1973) , and by Spear et al. (1979) . For reasons that will be discussed later (see below), this format of plotting distorts the shape of the inhibitory time course to a degree that increases with the length of the spontaneous cycle and with the intensity of the vagal inhibition. For comparison, the same data are plotted in Figure 2A , using an alternate format. The schema of Figure 2C illustrates the two methods. In the sequence labeled a, vagal stimulation was applied at the peak of the initial action potential. The first response (labeled 1) was slightly accelerated from the scheduled time (broken line); the second and third were slightly delayed. In row b, vagal stimulation was delivered at the time peak of its inhibitory effect; and in row c, it was applied during the latent period. Brown and Eccles (1934) used as a time base the interval between the vagal stimulus and the next spontaneous discharge. In other words, if the vagal stimulus was applied 300 msec before the expected end of a spontaneous cycle of 400 msec and caused a 50% prolongation of that cycle to 600, the point was entered at time 500 (see Fig. 2C ). In our method, the 50% prolongation would be entered at time 300, the time of the scheduled event. As one consequence, the peak amplitude of the primary inhibitory effect is deviated to the left in our display. The triphasic inhibitory effect of vagal stimulation on SA nodal activity. Panel A shows the changes in basic cycle length (kBCL) in milliseconds as a function of the interval between the vagal stimulus and the next scheduled discharge. B shows the same experiment plotted following the method of Brown and Eccles (1934) . In both panels the filled and unfilled symbols indicate the position of the first, second, third, and fourth beats, respectively, after the stimulus in each individual run (28 runs). C illustrates the key to both plotting methods: traces a, b, and c show the effects of a vagal train applied at three different positions in the cycle on the first three discharges that follow the stimulus. The broken lines represent the expected discharges in the absence of stimulation. The arrows in lines A and B show the respective positions of the discharges on the horizontal axis of panels A and B. ABCL indicates the position on the vertical axis of both plots. The superimposed traces were reconstructed from the original records.
Brown and Eccles called attention to two exceptional experiments in which, over a considerable range, the first inhibited response was coupled at a constant interval to the vagal stimulus. This was a common occurrence in our experiments and appears in Figure 2A and in Figures 4 and 12 as an abrupt rise to maximum slowing with a slope of -1 in the descending phase of the primary inhibition. When plotted by the Brown and Eccles technique, however, these points would describe a vertical line, as shown in Figure 2B .
By either method of plotting, the latent period is represented accurately. Vagal stimuli applied less than 180 msec in advance of a nodal discharge failed to postpone it. Delay of the ensuing discharge was maximal when the stimulus fell 350 msec in advance of the expected discharge ( Fig. 2A ). This primary phase of inhibition of the first cycle decayed rapidly, and crossed the zero axis at 815 msec. At slightly longer intervals, the expected events were accelerated by nearly 10%, and still later cycles were scattered about a slower and broader secondary phase of inhibition that reached a maximum of 15% about 2-3 seconds after the vagal stimulus. Gaps appear in the course of the curve describing the later events (second and subsequent cycles in the figure). These gaps are an obligatory consequence of the method of displaying the data. For example, two clusters of points represent the second cycle after the stimulus (open circles); the first of these applies to responses recorded when the first cycle was not inhibited (i.e., when the first discharge fell within the latent period). The second cluster applies to discharges recorded when the first response had been delayed. The temporal position and extent of the intervening gap is, of course, a function of the degree of prolongation of the primary cycle, and has an important bearing on the shape of the inhibitory curve, as will be developed later.
The Latent Period
"Under the conditions of these experiments, the effective latency, timed from the beginning of the 50 msec train of vagal stimuli, was defined in various experiments at 150-200 msec. Although much of this interval must be occupied by conduction of the nerve impulse, liberation and diffusion of acetylcholine to the receptor sites (Brown and Eccles, 1934) and by intermediate metabolic processes (see Discussion), there is still an additional interval not accountable to these events. The latency to the beginning of the hyperpolarization of the nodal cells was invariably briefer than was the latent period of the inhibitory curve (see also Fig. 8 ).
The relation between latency, hyperpolarization, and nodal discharge was sought in additional experiments in which the transmembrane potentials were recorded in cells that, judging by the transition from phase 4 to phase 0 of the action potential, must have been very near the command pacemaker. One such experiment is illustrated in Figure 3 . Panel A shows four spontaneous action potentials under control conditions, at a spontaneous cycle length of 675 msec. The smooth transition from phase 4 depolarization to phase 0 and the high take-off potential place the cell within the true pacemaker region. In B, a train of stimuli was delivered to the vagus nerve 475 msec in advance of the expected discharge. Hyperpolarization began after a latency of about 150 msec, reached a maximum of 5 mV beyond the maximal diastolic level (broken line), and delayed the approach to threshold. The ensuing response occurred at 900 msec, but it was clearly propagated from another site. In other words, the vagal discharge induced a pacemaker shift. In panel C the vagal train was applied 150 msec later. After a latency of about 150 msec, hyperpolarization occurred, and the pacemaker cycle was delayed to 900 msec, again with an apparent shift of the pacemaker site. In panel D the vagal train was delivered 180 msec in advance of the ensuing discharge, at a time when phase 4 depolarization was approaching the threshold potential. Although enough time was allowed for hyperpolarization to begin, the cell continued to depolarize and fired on schedule. The expression of the vagal effect was delayed to the B D FIGURE 3 Relation between latency of hyperpolarization and latent period of the inhibitory effect. In all panels the upper traces indicate the moment of application of the vagal stimulus; the lower traces are transmembrane potentials of an SA nodal cell recorded at high gain. A is the control. In B, C, and D, the vagal trains were applied 475, 325, and 180 msec, respectively,' in advance of the next expected discharge. Transmembrane potentials were traced from projections of the original records. Calibrations are 10 mV (vertical) and 500 msec (horizontal).
following cycle, which was increased to 725 msec. Although the latency for hyperpolarization was no more than 150 msec, the latency of the negative chronotropic action was more than 180 msec. This series of events was reproduced regularly in all true pacemaker cells and demonstrates that the latent period (Brown and Eccles, 1934) of the inhibitory effect includes a time late in phase 4 depolarization when the spontaneous cycle length is no longer affected by the hyperpolarizing action of the neural transmitter. Brown and Eccles (1934) reported that when both vagi and the sympathetic nerves had been cut, the response to vagal stimulation followed a triphasic curve like that of Figure 2 in most of the experiments, but during a period of sustained stimulation of sympathetic fibers, the triphasic response was replaced by a single inhibitory curve. In our control experiments, a dip in the inhibitory curve after a maximal delay of the first cycle was always present. In two experiments, the addition of epinephrine, 0.1 ng/ml, to the perfusion solution increased pacemaker activity of the SA node, decreased the overall inhibitory effect, and converted the triphasic curve into a smooth single-wave curve. Propranolol, 2 /ig/ml, reversed the effects of epinephrine in both experiments, decreased the heart rate, and restored the dip in the inhibitory curve. These experiments suggested that the shape of the inhibitory curve may be a function of the spontaneous cycle length.
Phase Response Curve for Vagal Stimuli
Phasic changes were plotted in the form of phase response curves (PRC's) for each experiment in which brief trains of vagal stimuli were used to scan the spontaneous pacemaker cycle. When the results of all experiments were grouped according to their average spontaneous pacemaker frequency, the shape of the PRC was, as predicted, a function of the basic cycle length. Of all 58 experiments, 62.5% were beating at cycle lengths of 400-850 msec and 37.5% had average cycle durations between 900 and 1300 msec. The examples plotted in Figure 4 were recorded from two preparations maintained under identical conditions, but firing at widely different basic frequencies. In each portion of the figure, the displacement of each of the three first cycles following the vagal stimulus is plotted as a function of the stimulus interval in the first cycle. The change of the basic cycle (ABCL), plotted on the ordinate scale, and the stimulus interval are both expressed in milliseconds. The broken line at zero represents the control cycle length in the absence of vagal stimuli. In A, at a BCL of 651.4 ± 1.69 (SE) msec, even very early stimuli resulted in major delays. As the stimulus interval was increased, progressively greater delays resulted, up to a maximum of 520 msec at a stimulus interval of 400 msec; i.e., 250 msec in advance of the scheduled response. Beyond this point the inhibitory effect decreased abruptly and disappeared completely when the stimuli were applied 200 msec or less in advance of the next expected discharge. When the vagal stimuli fell too late to delay the first response, the second response was delayed, along a curve that was clearly continuous with the data points describing the primary VOL. 45, No. 5 response. When the first response was delayed, the second also was delayed slightly, by approximately 10%, and a greater delay (15%) characterized the third. There was no phase of absolute acceleration.
In the experiment illustrated in panel B, at a basic cycle length of 1055.8 ± 8.5 msec, vagal stimuli applied very early in the cycle accelerated the next discharge by nearly 100 msec. Beyond a null point at 240 msec on the abscissa, acceleration gave way to delay, increasing progressively to 580 msec as the train of stimuli was applied at 800 msec, or 255 msec in advance of the next expected discharge. Stimuli later than 900 (155 msec before the scheduled event) no longer were effective in prolonging the first pacemaker cycle, but the second cycle now fell in a phase of acceleration, and the third cycle was prolonged. Again, the phase response curves for the serial events were continuous, indicating that an intervening action potential did not reset or modify the time course of the vagal effect.
The time course of events illustrated in Figures 2 and 4 suggests that a train of vagal stimuli delivered approximately 1 second in advance of an expected discharge will delay it less than will earlier or later stimuli, or will even accelerate it significantly. When the spontaneous cycle is approximately 1 second or longer, time permits acceleration of the first pacemaker discharge following the vagal stimulus ( Fig. 4B ). At shorter basic cycles, the first discharge can only be prolonged, but the ensuing discharge may be abbreviated, at least relative to the cycles that precede and follow.
Relation of Inhibition to Hyperpolarization
The phase of primary inhibition, ranging from 600 to 1000 msec in duration in various experiments, appeared to match closely the duration of manifest hyperpolarization as shown, for example, in Figure  1 . The data suggest that the primary phase of inhibition is in fact the result of the hyperpolarization.
If hyperpolarization is the result of an acetylcholine-induced increase in potassium conductance (see Hutter, 1957) , and if phase 4 depolarization is due to a time-dependent decrease in membrane conductance to potassium (Noma and Irisawa, 1976; Brown et al., 1977) , then one should expect an increase in the absolute magnitude of the voltage swing induced by vagal stimulation as the stimuli are introduced later in the pacemaker cycle. That the amplitude of the hyperpolarization is dependent on the membrane potential at which it is initiated is apparent in the experiment illustrated in Figure  5 . The figure illustrates the response to vagal stimuli applied at about 200, 400, and 500 msec after the last spontaneous discharge. In A, the response began at the maximal diastolic potential, and hyperpolarized the membrane by 4.7 mV. In B, the pacemaker potential already had depolarized the membrane by 5 mV, and the vagal train hyperpolarized the membrane by 9.7 mV. In C, the vagal effect began at a still less negative potential and the membrane was hyperpolarized by 11.1 mV to ap-MDP B 1 S E C FIGURE 5 Voltage dependence of the hyperpolarization. All traces are the lower portions of transmembrane potential recordings from the same cell at high gain. In A, B, and C, the vagal train was applied progressively later. The relative hyperpolarization increased as a function of the membrane potential at which it was initiated. MDP = maximum diastolic potential (horizontal line, -65 mV) in the absence of vagal stimulation. The broken lines were traced from projections of the original recordings in the absence of vagal stimulation.
proximately the same level as in A and B. The slope of the diastolic depolarization that follows the maximal hyperpolarization is approximately the same in each of the panels of Figure 5 . These results are typical of eight experiments, and they demonstrate that the absolute magnitude of the displacement of membrane potential was dependent on the temporal position of the vagal stimulus.
Effect of Vagal Stimulation in Quiescent Preparations
The true time course of hyperpolarization cannot, of course, be determined in a free-running preparation in which the response to vagal stimulation is superimposed on the active process of pacemaker activity. In a series of five experiments, the effects of trains of vagal stimuli on membrane potential were studied in preparations made quiescent by superfusion with verapamil, a compound that blocks slow inward currents in cardiac tissues and decreases pacemaker activity in the SA node (Wit and Cranefield, 1974) .
Verapamil may be expected to have some effect on the time course of the hyperpolarization induced by vagal stimulation; however, Figure 6 suggests that the alteration is minimal. Verapamil caused a progressive decrease in the amplitude and rate of rise of the action potentials and on the pacemaker discharge rate (B and C) followed by complete standstill with only small subthreshold oscillations after approximately 28 minutes of exposure. In none of the five experiments did verapamil interfere with the response of SA nodal potentials to vagal trains of varying duration.
An example of the influence of train duration on the magnitude and time course of hyperpolarization is illustrated in Figure 7 , recorded from one of the preparations in which spontaneous pacemaker activity was suppressed by verapamil. Stimuli 10 msec in duration and 10 V in amplitude were applied to the vagus at a frequency of 50 Hz, and at the train durations indicated at the left of each tracing. The peak amplitude increased progressively with the number of stimuli in the train, reaching a maximum of about 17 mV with a train of 190 msec (10 stimuli in the train). Further prolongation of vagal stimulation increased the duration of the hyperpolarization but did not further increase its magnitude. The latency in all examples was about 100 msec, and the time to peak about 270 msec. These times were not affected by train duration. The decay of the hyperpolarization was exponential, with a time constant of about 430 msec, and this, too, was independent of train length up to 500 msec.
Temporal Relationship between Hyperpolarization and the Phase Response Curve
We have established that a phase of acceleration follows the vagal stimulus by approximately 1 sec- ond. As a consequence, vagal stimulation applied at the beginning of a spontaneous cycle of 1 second or more may abbreviate that cycle, but accleration will not be demonstrable when the spontaneous cycle is brief. The duration of the manifest hyperpolarization was of the order of 1.0-1.5 seconds in all of the preparations in which verapamil was administered, and it appeared likely that the phase of primary slowing and the subsequent acceleration (i.e., the dip in the inhibitory effect), could be related to the time course of the shift in membrane potential. This assumption was tested in five experiments in which we studied the time course of hyperpolarization and the phase response curve as related to the duration of the spontaneous cycle. In general, when the spontaneous pacemaker cycle length was longer than the duration of the hyperpolarization, brief VOL. 45, No. 5, NOVEMBER 1979 FIGURE trains applied to the vagus nerve early in the pacemaker cycle accelerated the next expected discharge. When the duration of the pacemaker cycle was briefer, the first discharge was delayed. Acceleration of the second cycle after the stimulus was apparent in some experiments in which the spontaneous cycle was briefer than the hyperpolarizing response. The temporal position of the accelerated discharge always coincided with the termination of the hyperpolarization and was a function of the intensity of the vagal stimulus.
Relationship between Magnitude of Hyperpolarization and the Phase Response Curve
The evidence presented so far indicates that the primary inhibitory effect of vagal stimulation on pacemaker cycle length is due to a direct hyperpolarization that lasts approximately 1 second. The shape of the phase response curve cannot, however, be dependent simply on the duration of the hyperpolarization but it must be related also to its magnitude. The experiment illustrated in Figure 8 is representative of three experiments in which complete phase response curves were recorded in response to vagal stimuli of various durations applied to the right vagus, after which spontaneous activity was suppressed by verapamil, and the time course of hyperpolarization in response to the same stimulus was inscribed. In part A of the figure, the spontaneous cycle length was 481.2 ± 1.71 msec. A single pulse 10 msec in duration and supramaximal in intensity was used in the scan. After a latency of about 170 msec, the cycle length increased progressively to a peak delay of 180 msec, coincident with the maximal amplitude of the hyperpolarization (4.5 mV). The degree of slowing and the hyperpolarization decayed along a similar time course, each recovering by about 80% at 510 msec after the stimulus.
The data points representing the second discharge after vagal stimulation (unfilled triangles), as in the data recorded in Figure 2 , are divided into two clusters. The first series, representing those Relationship between hyperpolarization and inhibitory effect. The data were obtained from the same preparation beating spontaneously at a mean cycle length of 481 msec. In both panels, the change in cycle duration is plotted on the left ordinate as a function of the interval between the vagal stimulus and the expected discharge (see Fig. 2A ). The data points are superimposed on the time course of hyperpolarization, recorded after the preparation was made quiescent with verapamil 1 ng/ml. The broken line indicates lack of effect of vagal stimulation as well as level of resting membrane potential (-58 mV) . The right ordinates indicate the magnitude of the hyperpolarization. In both panels, time 0 corresponds to the moment at which the vagal train was initiated, as indicated also by the stimulus artifact. A illustrates the effects of a single vagal pulse 10 msec in duration and 15 V in strength, on the first, second, and third discharges. In B, a 50-msec train of three pulses of the same duration and strength was used. The transmembrane recordings were taken from the same cell at an interval of 40 seconds. points recorded when the first response was unaffected, clearly fall along the same descending curve as the primary responses, indicating that the intervening spontaneous discharge did not alter the basic relationship (a point also noted by Brown and Eccles) . The points representing the second discharges of the examples in which the first discharge fell on the ascending limb of the PRC (between 180 and 240 msec) are scattered between 690 and 900 msec. After this "gap," the second cluster represents second responses recorded and displaced in time, when the first response was delayed, and third discharges, when the first cycle length was not affected. All these points fall at a time when the hyperpolarization was completely over. No significant acceleration was apparent at this time; in fact, the spontaneous cycle length did not recover and a secondary inhibitory effect was apparent during the second and third discharges after the stimulus.
In the experiment depicted in Figure 8B , the mean spontaneous cycle remained constant at 481.2 ± 3.4 msec and a train of three stimuli was used. After a similar latency, the membrane hyperpolarized by 11.8 mV, and there was an abrupt rise to a maximal slowing of 340 msec. The decay again follows a time course similar to that of the hyperpolarization, but in this case the curve enters a phase of acceleration beginning at about 1040 msec, i.e., during the second cycle after the stimulus. Again, the first cluster of second discharges is continuous with the primary events and is separated from the second cluster by a wide gap. The gap is, of course, mandated and quantitatively determined by the magnitude of the prolongation of the first cycle, 340 msec in panel B. Comparison of the two panels demonstrates that the magnitude and time course of the inhibitory effect on pacemaker cycle length is related directly to the amplitude and time course of the hyperpolarization induced by the same vagal stimulus. Additionally, the acceleratory component becomes apparent as the magnitude of the vagal effect increases, suggesting that acceleration of the pacemaker after a primary phase of inhibition also is related to the magnitude of the hyperpolarization. This relationship between the intensity of the vagal stimulus, the magnitude of the inhibitory effect, and the postinhibitory acceleration was a regular finding in our experiments and also has been demonstrated by Spear et al., (1979) .
Phase Response Curve for Hyperpolarizing Pulses
Although the magnitude and duration of the hyperpolarization evoked by brief trains of vagal stimuli appear to be responsible for the first peak and for the dip in the inhibitory curve, it is, of course, possible that both are manifestations of another, and more subtle effect of acetylcholine on the pacemaker. The role of hyperpolarization per se therefore was tested. The results of these experi-ments indicate that the primary phase of slowing and the secondary dip in the triphasic response curve to vagus stimulation are indeed the consequence of the hyperpolarization.
In this series of experiments, current pulses from an RC circuit were passed between the two outer chambers of a sucrose gap preparation (see Methods) at various times in the spontaneous pacemaker cycle of thin strips of sinus node. The upper trace of Figure 9 shows four superimposed traces reconstructed from original recordings of transmembrane potentials from a cell in the test compartment. The spontaneous cycle length (first two discharges) was 615 ± 0.46 (SE) msec (n = 34). The lower trace indicates the timing and magnitude of three hyperpolarizing condenser discharges (time constant = 200 msec) of increasing amplitude applied at an early phase of the pacemaker cycle. The four superimposed traces represent the control cycle (C) and the responses to the three RC pulses, (1, 2, and 3, at 9, 14, and 23 fiA), each beginning 100 msec after the preceding spontaneous discharge. Pulse number 1 hyperpolarized the membrane by 6 mV beyond the maximum diastolic potential and the next pacemaker discharge was delayed to 752 msec. When the current amplitude was increased to 14 fiA, a hyperpolarization of 15 mV resulted. The membrane rapidly depolarized toward the threshold potential, but instead of discharging at a shorter interval, there was a small subthreshold oscillation after which discharge number 2 was delayed to 835 msec. A further increase in the current amplitude to 23 joA hyperpolarized the membrane by 27 mV. After this hyperpolarization, a pacemaker potential with a very steep slope rapidly depolarized the membrane and abbreviated the cycle to 448 msec.
Complete scans of the spontaneous cycle with -20 --40 --60 -I sec FIGURE 9 Effects of progressively stronger hyperpolarizing condenser discharges of the same duration on pacemaker cycle length in a sinus node-sucrose gap preparation. See text for further description. VOL. 45, No. 5, NOVEMBER 1979 hyperpolarizing RC discharges were done to mimic the effects of vagal stimulation. When the duration of the condenser discharges was long relative to the spontaneous cycle length, there was no phase of acceleration. When the duration was briefer than the spontaneous cycle, early current pulses accelerated the subsequent discharge; resulting in a "dip" in the inhibitory curve.
Complete phase response curves of one such experiment are shown in Figure 10 . Using current pulses with a decay of 150 msec, the phase response curve was a linear function progressing from a maximal acceleration of 32% when the pulse was applied very early in the cycle, across a null point at 51% of the cycle and increasing to a maximal delay of nearly 50% when the pulse was initiated very late in the cycle. When the duration of the stimulus was increased (time constant = 200 msec), the phase response curve was deviated to the left; the accelerating effect was decreased in extent and duration and the delaying effect was increased, but the slope of the curve remained constant. When pulses of long duration were used, the phase of acceleration disappeared, and only progressively longer delays were produced as the stimulus was applied progressively later in the cycle. In two sucrose gap experiments, atropine sulfate (0.4 /xg/ml) was added to the perfusate in the test compartment to rule out the possibility of artifacts due to acetylcholine liberation by the current pulses. The cholinergic blocking agent did not affect the outcome of the results in either preparation.
The effects of hyperpolarizing current pulses on the sinus pacemaker are similar qualitatively to those induced by vagal stimulation. Quantitative comparisons are difficult, because the two manipulations could not be made in the same preparation. In either situation, a primary phase of inhibition decays smoothly into a phase of acceleration and a secondary phase of inhibition. In each case, the effects of the hyperpolarization long outlast the complete restoration of the control resting potential. A striking example is illustrated in Figure 11 , recorded from a sucrose gap preparation in which the SA nodal pacemaker in the test chamber was beating at a slow rate and the spontaneous cycle was scanned with strong RC pulses of relatively short duration. In panel A, the basic cycle length was 980 msec, and a hyperpolarizing RC discharge of 44 juA and time constant of 200 msec were applied 190 msec after the last spontaneous beat. The first cycle was accelerated (to 850 msec), but the subsequent cycle was prolonged. In B, the same pulse, applied at an interval of 550 msec, delayed the next discharge to 1060 msec, followed by a major abbreviation of the following cycle. The prolongation of the third cycle in A, and the acceleration in B, both were recorded when the current pulse was over.
A complete scan from another experiment, obtained with condenser discharges of 18-fiA peak i i FIGURE 11 Acceleratory effects of hyperpolarizing pulses. In both panels, the transmembrane potential recording from, a sinus nodal cell in the sucrose gap (BCL = 980 msec) amplitude and a time constant of 250 msec, is illustrated in Figure 12 . As in the scans with vagal stimulation, a triphasic response curve was obtained in which the accelerating and secondary delaying effects of the current pulse long outlast the duration of the hyperpolarization. Minor differences from the phase response curves to vagal stimulation are apparent: (1) there is no significant latency; (2) as a consequence, the second responses are not divided into two clusters; (3) the time course of primary inhibition is briefer, and (4) the phase of acceleration begins earlier, presumably because the hyperpolarization induced was briefer than that which follows vagal stimulation. Nevertheless, the experiments with hyperpolarizing current pulses lend credence to the hypothesis that at least the early phases (up to 2 sec or more) of the response to vagal stimulation are the direct result of the hyperpolarization.
Discussion
Brief trains of stimuli applied to the vagus nerve cause hyperpolarization in cells in the pacemaker region. The effects of the vagal burst on the pacemaker cycle can be described by an inhibitory curve consisting of several components: a latent period of about 200 msec; a phase, lasting less than 1 second, of major prolongation of the first and sometimes the second sinus cycle; a phase of relative or actual acceleration (the dip in the inhibitory curve); and a final phase of lesser deceleration lasting several seconds.
The shape and amplitude of the response curve are functions of (1) the intensity and duration of the vagal stimulus train; (2) the temporal position of the train in the spontaneous sinus cycle; and (3) as a corollary, the spontaneous frequency of the pacemaker. In all cases the curve appears to be a function of the amplitude and duration of the va- gaily induced hyperpolarization, and can be approximated closely by brief periods of hyperpolarization induced by electrical current pulses.
The Latent Period
Brown and Eccles suggested that most of the latent period (100-160 msec in their experiments) must represent the time for liberation and diffusion of acetylcholine from the nerve terminals to the pacemaker cells, and for development of action on the rhythmic mechanism; only about 20 msec could be ascribed to nerve conduction and synaptic delay. However, recent experiments show that liberation, diffusion, and receptor binding cannot account for the very long latency (Hartzell et al., 1977; Hill-Smith and Purves, 1978) . Those studies suggested that intermediate metabolic processes occurring between receptor activation and conductance changes may be the rate-limiting factors for the inhibitory effects.
The latent periods in our experiments were somewhat longer than those obtained by Brown and Eccles, at least in part because the preparations were maintained at lower temperature (33.5-34.5°C); but of more importance is the observation that the latency of the hyperpolarization always was significantly briefer than that of the chronotropic response, often by as much as 100 msec (Fig.  8) . It is likely that, when the vagal stimulus is applied 200 msec or less in advance of the next expected discharge, the conductance changes caused by acetylcholine no longer can overcome, but only reduce, the already activated inward current responsible for the upstroke of the action potential, once the membrane potential has depolarized beyond a limiting or threshold value. It follows that activation must occur nearly 100 msec in advance of the upstroke (Brown et al., 1977) . In contrast, little or no latency was recorded in those experiments in which hyperpolarization was induced by passage of current in the sucrose gap preparations. Here, of course, peak current flow occurred at the instant of the beginning of the RC discharge, and a displacement of membrane potential was obligatory and nearly instantaneous.
Time Course of the Inhibitory Effect
The immediate effect of a vagal stimulus on the SA node is clearly not the result of a decrease in the slope of pacemaker depolarization; the slope may even be increased during a lengthened cycle. The initial delay is rather the result of the hyperpolarization itself. When the scheduled event falls at the peak of the shift in membrane potential, the delay is maximal; when it falls during the recovery phase, the delay progressively diminishes.
Hyperpolarization was suggested by GaskelTs experiments in 1887, in which the demarcation potential of the arrested tortoise auricle was increased by vagal stimulation. More recently Burgen and Ter-VOL. 45, No. 5, NOVEMBER 1979 roux (1953) confirmed Gaskell's observations and suggested that the effect of the neurotransmitter was mediated by an increase in the permeability to potassium ions. Several authors have confirmed the hyperpolarizing effects of vagal stimulation on SA nodal tissues of several species and under various experimental conditions (Hutter and Trautwein, 1956; Brooks and Lu, 1972) , and it now is agreed that such hyperpolarization is produced by a large increase in potassium permeability. This hypothesis is consistent with the voltage dependency of the phenomenon (Fig. 5) , with the observed changes in membrane resistance (Trautwein et al., 1956) , with the movement of radioactive potassium across the sinus nodal membrane during treatment with acetylcholine (Harris and Hutter, 1956; Lipsius and Vasalle, 1977) , and with the accumulation of extracellular potassium described by Kronhaus et al. (1978) . The fact that the phase response curve to vagal stimulation can be mimicked by current pulses suggests that the hyperpolarization of the membrane itself, rather than the conductance changes produced by acetylcholine, is directly responsible for shifting the phase of the sinus nodal pacemaker.
The restoration of the normal membrane potential following the hyperpolarization must, in large measure, represent the removal of acetylcholine, but it probably is hastened also by active and passive ion movements. In other words, the time course of the acetylcholine concentration in the extracellular space probably outlasts the resultant alteration of membrane potential, but it is unlikely to reach the duration of several seconds implied in earlier studies.
The Po8tinhibitory Rebound
Conductance changes may play a very important role in restoring the membrane potential after a hyperpolarization induced by a brief vagal burst or by an RC current pulse. Recent experiments have shown that, in SA nodal cells of the rabbit (Irisawa, 1972; Seyama, 1976; Noma and Irisawa, 1976) and in the frog sinus venosus (Brown et al., 1977) , a decaying outward current is recorded when the membrane potential is clamped at the level of the maximum diastolic potential. In such a system, a brief hyperpolarization toward the potassium equilibrium potential would accelerate greatly the decay process of the outward current, unmasking the background inward current responsible for depolarization and producing a postinhibitory rebound. Although an increased slope of phase 4 depolarization clearly follows the current-induced hyperpolarization illustrated in Figure 9 , and is suggested in some of the neurally evoked responses (Figs. 1 and  2) , it would be difficult to demonstrate the phenomenon directly in a free-running preparation. In the experiment shown in Figure 1 for example, phase 4 depolarization during the first cycle after the vagal stimulus was steeper than control (Fig. 1A) , but the total duration of the hyperpolarization outlasted the duration of the spontaneous cycle. In the example shown in Figure 3 , vagal stimulation induced a pacemaker shift, obscuring any opportunity to demonstrate a rebound. Nevertheless, acceleration of responses scheduled to occur at about 1 second after the vagal stimulus clearly must represent an increased slope of depolarization; the pacemaker potential starts at a higher membrane potential, but reaches threshold sooner.
It has been suggested that the phase of relative acceleration might be due to activation of adrenergic mechanisms (see Higgins et al., 1973) . According to Spear and Moore (1973) , propranolol had no effect on the dip in the triphasic curve, but in the experiments of Iano et al. (1973) , the blocking agent accentuated the trough in the curve and increased the ratio of acceleration to inhibition of heart rate. In our experiments, epinephrine abolished the dip in the inhibitory curve, and propranolol restored it. The effects are related almost surely to changes in spontaneous frequency.
The Secondary Inhibitory Effect
The evidence presented in this study from spontaneously beating, as well as from quiescent, preparations indicates that the primary inhibitory effect is due to a direct hyperpolarization that lasts approximately 1 second. After this period, there is no further change in the membrane potential of quiescent preparations unless a new vagal stimulus is presented. On the other hand, spontaneously beating preparations show a secondary inhibitory effect associated with a progressive decrease in the slope of phase 4 depolarization during the third, fourth, and fifth beats that follow the vagal stimulus. This suggests that a third and probably indirect mechanism is also important in determining the inhibitory actions of brief vagal stimuli on heart rate. Whatever this mechanism may be, our results show that it is distinctly separate from the primary and direct hyperpolarizing effect, and probably outlasts the presence of acetylcholine.
Physiological Implications
Our results show that the relationship between the pacemaker cycle length and the duration, amplitude, and timing of the hyperpolarizing effect determines the magnitude and polarity of the changes. Several features of these results may explain more complex interactions between the SA node and the vagus nerve. Efferent cardiac vagal activity does not occur at random, but it is more or less locked to the cardiac cycle (Jewett, 1964; Katona et al., 1970) . When the systolic pulse wave arrives at the baroreceptor regions of the aorta and of the carotid sinuses, it reflexly elicits a discrete burst of impulses in efferent cardiac vagal fibers (Iriuchijima and Kumada, 1963; . Our results permit a prediction of the SA nodal response to these vagal discharges as a func-tion of their phase relationship to the cardiac cycle.
Repetitive vagal stimuli may entrain the SA nodal pacemaker at frequencies both above and below its intrinsic rate (Levy et al., 1969; Reid, 1969; . The characteristics and limits of the entrainment zones will be determined by the shape of the phase response curve (Pittendrigh, 1965) . Increases in vagal activity may increase the heart rate in those cases in which the duration of the hyperpolarization is briefer than the duration of the spontaneous cycle. This conclusion is supported by the series of elegant experiments of Levy et al. (1969 Levy et al. ( ,1970 . These authors studied the phasic changes due to vagal stimulation and used "pacemaker response curves" to predict the effects of repetitive bursts of vagal activity. They showed that within the limits of the pacemaker response curve it was possible to entrain the cardiac pacemaker with the activity of the vagus nerves. In their experiments, however, heart rate at any frequency of stimulation always was less than under steady state conditions. Vagal stimulation decreased the heart rate to a new steady state, and the entrainment zone was limited to frequencies higher or lower than that new mean. These results can be explained by the fact that spontaneous pacemaker under their experimental conditions was always fast and cycle duration was probably briefer than the duration of the hyperpolarization. This is indicated by the persistence of the primary inhibitory effect in most of their experiments during the first and second pacemaker cycles that followed the vagal stimulus (see Fig. 4 of Levy et al., 1970) . Our results predict that this type of phase response curve (this paper, Fig. 4A ) would lead to progressive deceleration of the spontaneous cycle as the vagal stimulus is presented progressively later in the cycle. Furthermore, the presence of the secondary inhibitory effect would contribute to the lack of acceleratory action once a new steady state is reached. VOL. 45, No. 5, NOVEMBER 1979 Toda N, West TC (1967) Interactions of K*. Na + and vagal stimulation in the SA node of the rabbit. Am J Physiol 212: 416-423 Trautwein W, Kuffler SW, Edwards C (1956) 
SUMMARY Most of the information concerning adrenergic neurotransmission in the blood vessel
wall has been obtained from isolated blood vessels previously incubated with radiolabeled norepinephrine. In the present study, we determined the tissue content of norepinephrine and dopamine in the dog's saphenous vein using a radioenzymatic assay; tissue content of dopamine was 30 times less than tissue content of norepinephrine, and no epinephrine could be detected. During superfusion of isolated canine saphenous vein preparations, superfusate samples were collected for subsequent radioenzymatic analysis of norepinephrine, epinephrine, and dopamine. The basal efflux of endogenous norepinephrine declined slightly with time. Nerve stimulation caused frequency-dependent increases in tension, paralleled by increases in efflux of endogenous norepinephrine. The changes in tension were correlated significantly with the changes in norepinephrine overflow. Acetylcholine at 5 x 10" 7 M had no effect on basal tension or basal norepinephrine overflow. During nerve stimulation at 2 Hz and at 5 Hz, it significantly depressed the contractile response and the evoked overflow of endogenous norepinephrine. Neither dopamine nor epinephrine was detected during these superfusion studies. The present experiments introduce the means for measuring endogenous norepinephrine overflow in the canine saphenous vein, validate earlier work on this blood vessel, and, in particular, provide direct evidence for the inhibitory effect of acetylcholine on adrenergic neurotransmission in the blood vessel wall. Circ Res 45: [608] [609] [610] [611] [612] [613] [614] 1979 THE canine saphenous vein has been used frequently as a model of adrenergically innervated vascular smooth muscle (Osswald, 1978; Shepherd and Vanhoutte, 1975; Vanhoutte, 1978) . Most of the information obtained so far has been derived from studies in which the tissue uptake or the overflow of norepinephrine was measured after incubation with exogenous radiolabeled transmitter. In such studies, the question remains as to whether or not the alterations in overflow of labeled norepinephrine truly reflect the movements of endogenously synthesized transmitter. Therefore, in the present study, we determined tissue content and overflow of endogenous norepinephrine using a sensitive radioenzymatic assay (Peuler and Johnson, 1977) .
